Insulin-like growth factor 1 (IGF-1)-stimulated amphibian oocyte maturation has been studied extensively by a number of laboratory groups, but in previous studies possible effects of IGF-1 on ovarian follicle cells had not been tested directly. In the study reported here, biochemical and immunofluorescent techniques were used to test Xenopus ovarian follicle cells for the presence of hormone-sensitive IGF-1 receptor. Anti-xIGF-1 receptor beta-subunit antibodies detected a 90-and 98-kDa protein doublet in manually dissected oocyte cortices (plasma membrane-vitelline envelope complexes) by protein immunoblotting both before and after removal of follicle cells from oocytes by sandpaper rolling. The 90-kDa IGF-1 receptor betasubunit was also detected in follicle cell pellets. Tyrosine phosphorylation of the receptor beta-subunits was increased by treatment of cortices with 10 nM IGF-1 both in the presence and absence of associated follicle cells, was reduced by removal of follicle cells, and was detected in follicle cell pellets. Treatment of follicle cell pellets with nanomolar concentrations of IGF-1 stimulated receptor tyrosine phosphorylation in a dosedependent fashion that correlated with dose-dependent stimulation of oocyte maturation. IGF-1 receptor was also detected in cultured follicle cells by immunofluorescence. Removal of follicle cells significantly reduced the IGF-1-stimulated oocyte maturation response. These results offer the first direct evidence for hormone-responsive IGF-1 receptors in Xenopus laevis ovarian follicle cells and demonstrate that follicle cells somehow support IGF-1-stimulated oocyte maturation.
INTRODUCTION
Amphibian oocytes are physiologically arrested at the G 2 /M border of the first meiotic division, and isolated oocytes are stimulated to resume meiosis (undergo oocyte maturation) in vitro by addition of progesterone [1] or insulin or insulin-like growth factor-1 (IGF-1) [2, 3] to the incubation medium. Although the role of endogenous insulin and IGF-1 in maturing amphibian oocytes has not been clearly defined, previous biochemical and pharmacological evidence that includes comparisons of dose-response curves for oocyte maturation, hormone binding, and biochemical responses supports a necessary role for the IGF-1 receptor in stimulating the IGF-1-induced or insulin-induced oocyte maturation response. With reported effective concentration for a 50% response, (EC 50 ) values in the low nanomolar range, IGF-1 is 60 to 100 times more potent than insulin at stimulating meiotic maturation in oocytes isolated from primed females injected with low-dose gonadotropin 3-5 days earlier [3, 4] and in oocytes from unprimed females after microinjection of IRS-1 protein [5] . Binding studies have demonstrated that IGF-1 (with an apparent K d of 1 nM) is 100 times more potent than insulin at displacing IGF-1 binding from oocytes [6] . Also, competitive binding studies using partially purified receptors have indicated that oocytes possess high-affinity binding sites for IGF-1 (K d ; 1-3 nM) but not for insulin [7] . Hormone binding to oocytes or purified receptors correlates with receptor phosphorylation (presumed autophosphorylation of receptor b-subunit) in vitro [6, 7] . As evidenced by the ability of the tyrosine kinase inhibitor, Tyrphostin 47, to block receptor phosphorylation, receptor-mediated endocytosis, and oocyte maturation [6] , phosphorylation of the IGF-1 receptor is a necessary step in the IGF-1 signaling pathway, and receptor phosphorylation gives one measure of receptor activation. IGF-1 is approximately 100 times more potent than insulin at stimulating the reconstituted phosphatidylinositol 3-kinase (PI3K) response [8] . And the signaling pathway leading to Xenopus oocyte maturation has been shown to involve stimulation of phosphodiesterase type 3 [9, 10] , which is downstream of protein kinase B/Akt activation [11] .
When oocytes are manually dissected from ovarian fragments using watchmaker's forceps, a layer of follicle cells remains attached (for images, see Sretarugsa and Wallace [12] and Sheng et al. [13] ). In a number of previous studies, circumstantial evidence has suggested that insulin and IGF-1 may bind to the ovarian follicle cells. Enzyme treatment that damages or removes the follicle cells reduces total insulin binding to oocytes [3, 14] . Comparison of binding data using intact and collagenase-treated oocytes has suggested that most of the insulin receptors are associated with oocyte envelopes, and IGF-1 receptors are on the oocyte surface [15] . Diss and Greenstein [14] speculated that the insulin binding measured in ''defolliculated'' oocytes might be due to residual follicle cells, and they noted that follicle cells should be isolated and tested for the presence of insulin/IGF-1 binding.
The receptor that mediates insulin-induced and IGF-1-induced oocyte maturation is likely the Xenopus IGF-1 receptor (xIGF-1R). Like the insulin receptor, IGF-1 receptor is an a 2 b 2 heterotetrameric transmembrane glycoprotein receptor, and binding of hormone to the a-subunits stimulates autophosphorylation of b-subunits and subsequent interaction of activated receptor with downstream signaling proteins (for reviews, see Prager and Melmed [16] and LeRoith et al. [17] ). Partial cDNAs corresponding to xIGF-1R have been identified by RT-PCR [18] and by cDNA library screening [19] . An entire coding sequence for xIGF-1R has been cloned [20] . Polyclonal antibodies produced against a cytoplasmic region of the receptor (amino acids 969-1358) have been shown previously to immunoprecipitate two polypeptides of approximately 130 and 95 kDa (the presumed a-and b-subunits of the xIGF-1R, respectively), and the antibody detected xIGF-1R in antiphosphotyrosine protein immunoprecipitates after treatment of oocytes with hormone [20] . Xenopus IGF-1 receptor apparently exists as two nonallelic gene products that are distinguished by their b-subunits: b 1 with higher apparent molecular weight and b 2 with lower apparent molecular weight; both b-subunits are tyrosine phosphorylated in response to insulin or IGF-1 [6, 7, 15, 20] .
In an effort to test whether Xenopus ovarian follicle cells are responding to IGF-1, we used anti-xIGF-1R antibody [20] to test for the presence of receptor in isolated ovarian follicle cells, and receptor activation in response to IGF-1 addition to follicle cell pellets was monitored by measuring changes in receptor tyrosine phosphorylation. The physiological significance of receptor activation in follicle cells was evaluated by dose-response analysis and comparison to dose-dependent stimulation of oocyte maturation and by testing what effect removal of follicle cells had on the IGF-1-stimulated oocyte maturation response. The results support direct action of IGF-1 on amphibian ovarian follicle cells that supports oocyte maturation.
MATERIALS AND METHODS
Reagent-grade chemicals were purchased from Sigma unless otherwise indicated.
Animals and Oocyte Isolation
The protocol for use of vertebrate animals was approved by the University of Denver Animal Care and Use Committee, and animal procedures were conducted in accordance with the National Research Council publication Guide for Care and Use of Laboratory Animals (National Academy of Science). Mature Xenopus laevis females (Xenopus I) were housed at 168C in aquatic tanks, fed ground beef twice weekly, and maintained on daily cycles of 14:10 L:D. Donor frogs were primed by injection of 35 IU of equine chorionic gonadotropin (Calbiochem) into the dorsal lymph sac 3-5 days before surgical removal of ovary fragments. Frogs were anesthetized by partial immersion in a solution containing 0.12% tricaine (3-aminobenzoic acid ethyl ester) in 25 mM Hepes, pH 7.0. Pieces of ovary were removed surgically and stored at room temperature in oocyte Ringers (83 mM NaCl, 1 mM KCl, 1 mM MgCl 2 , 0.5 mM CaCl 2 , and 10 mM Hepes, pH 7.9). Under a stereomicroscope, large oocytes (1.2-1.3 mm diameter) were manually dissected from surrounding connective tissue and thecal cell layers using watchmaker's forceps. These dissected oocytes were stored in oocyte Ringers at room temperature.
Removal and Collection of Follicle Cells
Follicle cells were removed from dissected oocytes by rolling on abrasive paper as described previously [21] . When follicle cells were used for follow-up experiments, after rolling of oocytes the Ca þ2 /Mg þ2 -free buffer was collected with a Pasteur pipette, placed into a 50-ml conical tube, and spun in a tabletop clinical centrifuge with swinging buckets to sediment the cells. Most buffer was removed, the cell pellet was suspended by gently drawing the solution up and down in a Pasteur pipette, and the suspended cells were divided dropwise between plastic v tubes. Final follicle cell pellets (each containing follicle cells harvested from 100 oocytes) were collected by centrifugation (10 000 3 g for 5 min at 48C). For the oocyte maturation experiments in Figure 5 , oocytes were rinsed twice with chelation buffer [14] 
Isolation of Cortices
Oocyte cortices were peeled manually from oocytes using a method described previously [21, 22] and transferred to plastic v tubes in groups of 10. Membrane pellets were collected by centrifugation (10 000 3 g for 5 min at 48C). As indicated in the figure legends, ''cortices'' contained complexes of oocyte plasma membrane, vitelline envelope, and associated follicle cells, and ''cortices-FCs'' were isolated after removal of follicle cells from oocytes by sandpaper rolling.
Assay for In Vitro IGF-1-Stimulated Protein Phosphorylation
IGF-1-stimulated protein phosphorylation was assayed by suspending cortices or cell pellets in 30-ll volumes of assay buffer containing 100 mM NaCl 2 ; 50 mM Hepes, pH 7.5; 10 mM MgCl 2 ; 3 mM MnSO 4 ; 0.1% Triton X-100; 10 mM fresh dithiothreitol; 100 lM phenylmethylsulfonyl fluoride; 20 lg/ ml leupeptin; 10 lg/ml aprotinin; 0.1 mM Na-orthovanadate; and 1 mM ATP. 
SADLER ET AL.
After indicated times at room temperature in the absence or presence of IGF-1 (rHu IGF-1; Intergen) diluted from a 10 À5 M stock solution in 10 mM HCl that was stored at À208C, reactions were stopped by addition of 10 ll of electrophoresis sample buffer (53 stock containing 350 mM Tris-HCl, pH 5.8; 55% glycerol; 15% SDS; 0.05% bromophenol blue; and 25% b-mercaptoethanol). Sample tubes were boiled for 10 min and stored at À208C.
Immunoblot Detection of xIGF-1R and TyrosinePhosphorylated Proteins
Proteins in cortical membrane samples or follicle cell pellets were resolved by SDS-PAGE (10% acrylamide) and were electroblot transferred to polyvinylidene fluoride membrane (Immobilon-P; Millipore) using a Bio-Rad Trans-blot SD semidry transfer cell. After blocking with I-Block (Tropix), xIGF-1 receptor was detected using 1-h incubation in 1:2500 of rabbit polyclonal antiserum (a gift from X. Johné Liu [20] ). Phosphotyrosine was detected using 1-h incubation in 1:500 rabbit polyclonal anti-phosphotyrosine (06-427; Upstate/Millipore). Goat anti-rabbit alkaline phosphatase conjugate (1:10 000; Tropix) was used as secondary antibody, and chemiluminescent detection was accomplished using CDP-Star (Tropix) with exposure to Band intensities in untreated control samples (without IGF-1) were normalized to a value of 1, and relative increases were calculated within each experiment. Data were then combined across three experiments (mean 6 SEM, n ¼ 3). *Significantly greater than untreated control, P 0.05. **Significantly greater than untreated control, P 0.01. B) The oocyte maturation response in companion groups of cells in each experiment was monitored in the presence of increasing concentrations of IGF-1 as described in Materials and Methods (n ¼ 3 experiments, mean 6 SEM).
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FujiFilm Super RX film. Apparent molecular weights of immunoblot bands were determined by comparison to prestained low-molecular weight standards (Bio-Rad). Relative changes in immunoblot band intensities were compared within experiments by linear scanning of immunoblot film lanes that displayed less than saturating silver grain intensity with a Beckman DU-64 Spectrophotometer at 564-nm wavelength. Photocopies of absorbance profiles were cut out and weighed on an analytical balance, and peak weights were compared after normalizing the 95-kDa band intensity in untreated control samples to a value of 1. Relative changes in hormone-treated samples were calculated by comparison to control, and results were averaged across experiments as noted in the figure legends. After detection of phosphotyrosyl proteins, shown in Figure 1A (lane 3), the immunoblot membrane was stripped by rotation in a 10-ml volume of solution containing 62.5 mM Tris-HCl, pH 6.8; 2% SDS; and 100 mM b-mercaptoethanol at 708C for 30 min, then washed three times (5 min each) in Tris-buffered saline (150 mM NaCl and 10 mM Tris-HCl, pH 7.5), and then blocked a second time before subsequent detection of xIGF-1R (Fig. 1A , lane 4).
Immunofluorescence
Follicle cells were harvested from dissected oocytes by sloughing onto polylysine-treated Lab-Tek II Chamber Slides (Nunc) in defined culture medium [12] . After 3 to 5 days, medium was removed; cells were washed three times with PBS containing 1 mg/ml bovine serum albumin (PBS-BSA) and were fixed and permeabilized at À208C for 10 min with ice-cold methanol:acetone (1:1). Fixative was removed by three washes with PBS, cells were incubated for 1 h at 378C with anti-xIGF-1R antibody (1:400 in PBS-BSA), then cells were washed three times with PBS-BSA. Cells were incubated for 1 h at room temperature with donkey anti-rabbit Cy3 conjugate (1:800 in PBS-BSA; Jackson ImmunoResearch Laboratories Inc.), then washed three times with PBS before mounting with VectaShield mounting media (Vector Laboratories, Inc.) containing 4 0 ,6 0 -diamidino-2-phenylindole (DAPI). Images were acquired, and data were analyzed using Slidebook software (Intelligent Imaging Innovations) on a Zeiss upright microscope equipped with a z-stepper motor, Sutter filter wheel with Semrock filters, and a Hamamatsu Orca100 CCD camera and 1003 oil immersion lens (1.4 numerical aperture). A complete z-series spanning the thickness of each cell was acquired. Z-sections were spaced at 400 nm. Images displayed in Figure 4 were acquired with identical exposure times and are displayed on the same linear intensity scale to facilitate comparison of fluorescent signal.
Hormone Treatments and Monitoring of the Oocyte Maturation Response
On the same day that oocytes were isolated, groups of oocytes were incubated in 2-ml volumes of oocyte Ringers-HCO 3 (73 mM NaCl, 10 mM NaHCO 3 , 1 mM MgCl 2 , 0.5 mM CaCl 2 , 1 mM KCl, and 25 mM Hepes, pH 7.9) in the absence or presence of 3 lM progesterone (Calbiochem; diluted from a 0.5 mg/ml stock solution in ethanol stored at room temperature), 50 IU/ ml human chorionic gonadotropin (hCG; Sigma), or 20 nM IGF-1 plus 1 mg/ml insulin-free BSA (Intergen). Oocyte maturation (germinal vesicle breakdown [GVBD]) was quantified by appearance of white spots in unblemished oocytes and verified the next day by fixing the oocytes for 30 min by adding trichloroacetic acid to a final concentration of 2%, opening the oocytes with watchmaker's forceps under the stereomicroscope, and determining the presence or absence of an intact nucleus (germinal vesicle) by visual inspection. Oocyte maturation results are expressed as the percentage of oocytes that underwent GVBD in the various test groups.
Data Presentation
Graphs were prepared using SigmaPlot 4.0 (Jandel Scientific). Significant differences between each experimental group and untreated control were calculated by paired t-test.
RESULTS
Tyrosine-Phosphorylated IGF-1 Receptor b-Subunit Is Detected in Oocyte Cortices Using Anti-Phosphotyrosine Antibody Preliminary experiments were performed to verify the utility of commercial anti-phosphotyrosine antibodies for monitoring hormone-stimulated phosphorylation of IGF-1 receptor b-subunit in oocyte cortices. As shown in Figure 1A (lane 1), with optimal immunoblot transfer of both low-and high-molecular weight proteins, four anti-phosphotyrosine immunoblot bands with apparent molecular masses of 35, 60, 95, and 150 kDa were detected in oocyte cortices that contained oocyte plasma membrane, vitelline envelope, and Oocyte maturation responses were evaluated as described in Materials and Methods. Results for each treatment group are presented as the percentage of oocytes that underwent GVBD as observed the next morning (after 18-20 h). Results from four separate experiments using oocytes from different donor animals are combined (n ¼ 4 experiments, mean 6 SEM). **Significantly less than IGF-1 response without removal of follicle cells, P 0.01. ***Significantly less than hCG response without removal of follicle cells, P 0.001. 594 associated follicle cells. Addition of 10 nM IGF-1 to the assay mixture increased the intensity of all four cortical phosphotyrosyl proteins (Fig. 1A, compare lanes 1 and 2) . Zhu et al. [20] showed previously that the 95-kDa band that is detected with anti-phosphotyrosine antibody is immunoprecipitated by anti-xIGF-1R antibody from oocyte extracts after treatment of oocytes with IGF-1. To demonstrate that the 95-kDa antiphosphotyrosine band corresponds to the receptor b-subunit band detected by anti-xIGF-1R antibody, the anti-phosphotyrosine immunoblot (Fig. 1A, lane 3) was stripped and reprobed with anti-xIGF-1R (Fig. 1A, lane 4) . Even though the stripping and reprobing resulted in increased background shadows on the immunoblot, a protein doublet was detected with anti-xIGF-1R in the region of 95 kDa, along with an unidentified 115-kDa protein. Detection of lower-molecular weight phosphoproteins was sometimes reduced by differences in electroblot efficiencies between experiments (compare Fig. 1, lanes 2 and 3) . Nonetheless, detection of the 95-kDa phosphoprotein band was consistent. Molecular weight determinations for the anti-xIGF-1R doublet were averaged across five different experiments and yielded apparent molecular masses of 90 6 0.5 kDa and 98 6 0.4 kDa. The 90-and 98-kDa bands that were detected with anti-xIGF-1R (Figs. 1, lane 4, and 2A) were not clearly resolved on antiphosphotyrosine immunoblots (Figs. 1A, lanes 1-3, and 2B ), so the collective ;95-kDa band-representing the presumptive b-subunits of the Xenopus IGF-1 receptor-was analyzed as a measure of hormone-stimulated receptor activation. These data were interpreted to indicate that hormonestimulated increases in tyrosine phosphorylation of the collective 95-kDa band reflect activation of the IGF-1 receptor b-subunit, and the 95-kDa phosphotyrosine band became the focus of experimental analysis. The non-receptor 35-, 60-, and 150-kDa tyrosine phosphorylated bands were not analyzed further, but possible identities for these bands are presented below in the Discussion. IGF-1-stimulated tyrosine phosphorylation of the 95-kDa band was time dependent, reaching a maximum plateau after 60 min of assay time (Fig. 1B) . Therefore, a 60-min assay was used in subsequent receptor phosphorylation experiments.
Detection of xIGF-1R and IGF-1-Stimulated, TyrosinePhosphorylated 95-kDa Protein in Cortices and Follicle Cell Pellets
Anti-xIGF-1R antibody detected an immunoblot protein doublet of approximately 90 and 98 kDa and the unidentified 115-kDa protein in cortices with or without associated follicle cells ( Fig. 2A) . When cortices were pulled from oocytes after follicle cells were removed by sandpaper rolling, the intensity of the 90-kDa band was reduced, and the 90-kDa band was recovered in the follicle cell pellet. Each cortical sample contained membranes pulled from 10 oocytes, and follicle cell pellets contained cells that were recovered by sandpaper rolling from 100 oocytes. Because the actual recovery of follicle cells after sandpaper rolling cannot be determined, quantitative comparisons can be made only within sample sets. Cortical samples can be compared to companion cortical samples, and follicle cell pellets can be compared to companion cell pellets. Representative anti-phosphotyrosine immunoblots of cortices with associated follicle cells, cortices after removal of follicle cells, and follicle cell pellets are shown in Figure 2B . Removal of follicle cells reduced baseline levels of the 95-kDa anti-phosphotyrosine band in cortices. Levels of tyrosine-phosphorylated 95-kDa protein were increased in cortices by addition of IGF-1 to the assay mixture both in the presence and absence of follicle cells. IGF-1-stimulated phosphorylation of the 95-kDa anti-phosphotyrosine band was also detected in follicle cell pellets. The intensity of the unidentified, 150-kDa phosphotyrosyl band was reduced in cortices after removal of follicle cells and was recovered in follicle cell pellets.
IGF-1-stimulated increases in 95-kDa tyrosine-phosphorylated band intensities were analyzed within sample sets across three different experiments and are presented as the bar graph in Figure 2C . Intensities of the 95-kDa band in control samples (ÀIGF-1) were normalized to a value of 1 in each experiment, and the IGF-1-stimulated (þIGF-1) increases were calculated by comparison to control for each treatment group. When IGF-1 was added to the assay mixture, the intensity of the 95-kDa phosphotyrosyl protein band was increased 2-fold in cortices with associated follicle cells, by 60% in cortices after removal of follicle cells, and by 2.5-fold in follicle cell pellets (Fig. 2B) . In all sample sets, IGF-1-stimulated band intensity was statistically significant. Measured increases in 95-kDa tyrosine phosphorylation in cortices after removal of follicle cells and recovery of the hormone-stimulated response in follicle cell pellets indicate that both the oocyte plasma membrane and ovarian follicle cells contain hormone-sensitive IGF-1 receptor.
Dose-Response Analysis of Receptor Activation and the Oocyte Maturation Response
To test physiological relevance of the observed IGF-1-stimulated increases in receptor phosphorylation in follicle cell pellets, dose-response relationships for stimulation of receptor phosphorylation were compared to dose-dependent IGF-1-stimulated oocyte maturation. The IGF-1-stimulated increase in tyrosine phosphorylation of the 95-kDa protein in follicle cell pellets was dose dependent across two log units of increasing IGF-1 concentrations in the low nanomolar range (Fig. 3A) , and the hormone-stimulated increase in receptor phosphorylation correlated directly with the dose-response for IGF-1-stimulated oocyte maturation in companion sets of dissected oocytes (Fig. 3B) . Apparent EC 50 values for stimulation of receptor phosphorylation and the oocyte maturation response were both approximately 1 nM IGF-1.
Immunofluorescent Detection of xIGF-1R in Isolated Follicle Cells
Because follicle cells that were removed from oocytes by sandpaper rolling sometimes attached poorly to polylysinecoated glass slides, follicle cells that were cultured for immunofluorescent analysis were allowed to slough from dissected oocytes in defined medium during 3-5 days. In comparison with follicle cells that were harvested by sandpaper rolling, sloughed cells seemed to adhere better to glass slides in lawns, and they seemed to better withstand fixation, antibody treatments, and washing before microscopic examination. AntixIGF-1R detected receptor both on and in the follicle cells in primary culture (Fig. 4D) . Antibody detection of xIGF-1R was specific, because cells treated with nonimmune rabbit serum displayed a blank background (Fig. 4B) . Apparent localization of xIGF-1R to the follicle cell plasma membrane was evident at the cell boundaries, especially in areas where cells make contact with another cell in the visual field. Additional punctate staining may represent endosomal compartments, and staining around cell nuclei is consistent with intracellular receptor that may be associated with endoplasmic reticulum.
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Removal of Follicle Cells Reduces Oocyte Responsiveness to IGF-1
The sandpaper rolling technique, originally described by Sheng et al. [13] , is sufficient to remove all follicle cells that are visible by light microscopy. In our hands, the sandpaper rolling method has been sufficient to remove follicle cells for same-day analysis of oocyte function and same-day oocyte maturation responses to progesterone and cholesterol depletion [21] , for preparation of cortices without follicle cells, and for collection of follicle cell pellets for biochemical assays (Figs. 2  and 3 ). But in some experiments, the stripped oocytes did not survive well overnight. So, a chelation treatment was adapted from Diss and Greenstein [14] for more rapid and less abrasive follicle cell removal prior to oocyte maturation experiments. By rinsing and treating dissected oocytes with chelation buffer before rolling in Ca þ2 /Mg þ2 -free buffer, follicle cells were effectively removed after only 30 min of sandpaper rolling, and overnight survival and hormone responsiveness were increased. Because hCG-stimulated oocyte maturation is secondary to release of inducing steroid from surrounding follicle cells, oocyte responsiveness to hCG was used as the indicator of follicle cell removal. As shown in Figure 5 , removal of follicle cells prevented hCG-stimulated oocyte maturation. This result plus visual inspection of oocytes under the stereomicroscope indicated that follicle cells were effectively removed by the chelation treatment and 30-min rolling. The ability of oocytes to respond to progesterone served as a positive control and indicated that the sandpaper rolling did not significantly damage the oocytes. The progesterone-stimulated oocyte maturation response was not affected, but IGF-1-stimulated oocyte maturation was significantly reduced by removal of follicle cells. With attached follicle cells, the IGF-1-stimulated oocyte maturation response averaged 97% 6 2%, and removal of follicle cells reduced the IGF-1 response to 26% 6 4%. These results indicate that associated follicle cells support the IGF-1-stimulated oocyte maturation.
DISCUSSION
The phosphotyrosine banding patterns (Figs. 1 and 2 ) and detection of xIGF-1R (Fig. 2) are consistent with previous reports in Xenopus oocytes [15, 20] . Using different gel systems and different molecular weight markers, similar but slightly different apparent molecular masses have been reported for the hormone-binding a-subunit and the autophosphorylated b-subunits of the xIGF-1R: a-subunit of 130 or 138 kDa [6, 15, 20] , b 2 -subunit ranging from 82 to 95 kDa, and b 1 -subunit ranging from 104 to 108 kDa [5-7, 15, 20] . The alignment of ;95-kDa hormone-stimulated, tyrosine-phosphorylated protein with detection of xIGF-1R (Fig. 1) , paired with previous coimmunoprecipitation experiments that characterized the polyclonal antibody [20] , and the correlation between dose-response curves for hormone-stimulated protein phosphorylation and the oocyte maturation response support our interpretation that the 95-kDa phosphotyrosyl protein band is the xIGF-1R b-subunit.
In comparison with activation of biochemical responses in mammalian cell systems at 378C, the time course for receptor phosphorylation at room temperature (Fig. 1) is slow, reaching a maximum stimulated plateau after 60 min. This time course for IGF-1-stimulated tyrosine phosphorylation of IGF-1R is consistent with the previously observed time course for binding of radiolabeled IGF-1 to oocytes with associated follicle cells [6] and the time course for IGF-1 stimulation of oocyte phosphodiesterase type 3 [4, 9, 23] . The correlation between receptor phosphorylation and the oocyte maturation response with apparent EC 50 values of approximately 1 nM (Fig. 3) is consistent with the ability of low nanomolar concentrations of IGF-1 to compete for hormone binding to dissected oocytes [6] and partially purified receptor [15] .
Other researchers have offered speculative identification for the additional tyrosine-phosphorylated proteins in Figure 1 . Zhu et al. [20] suggest that the large, 150-to 200-kDa phosphotyrosyl protein band may represent an incompletely processed, uncleaved precursor protein form of IGF-1 receptor, and Hainaut et al. [24] suggest that the IGF-1-stimulated, 60-kDa phosphotyrosyl protein band may reflect pp60
c-src and that the 35-kDa band may reflect p34
cdc2 . Further analysis of these proteins is beyond the scope of the experiments that are presented here.
Using anti-xIGF-1R antibody, we consistently observed the 90-and 98-kDa receptor b-subunit doublet in cortices both before and after removal of follicle cells, and we observed a prominent singlet 90-kDa band in follicle cells (Fig. 2) . Because Xenopus laevis is tetraploid as a result of genome duplication [25] , detection of doublet IGF-1R b-subunits was expected. In mammalian cells, IGF-1R b-subunit doublets may result from differences in protein glycosylation [26] or the expression of immunologically distinct IGF-1 receptor bsubunits [27] . Janicot et al. [7] demonstrated that the IGF-1R doublet in Xenopus oocytes is not due to differences in receptor glycosylation. When Griogno et al. [19] isolated cDNA for one xIGF-1R b-subunit and visualized message by in situ hybridization with fixed and sectioned ovarian fragments, they reported accumulation of receptor transcript in oocytes up to stage 3, but xIGF-1R message was not detected in surrounding follicle cells. The apparent discrepancy between this earlier work and our detection of xIGF-1R in follicle cells by protein immunoblotting (Fig. 2) and immunofluorescence (Fig. 4) may be explained by differential detection of b-subunits using the two techniques; the hybridization probe may not have detected the 90-kDa protein that appears to be the predominant immunoreactive receptor b-subunit in follicle cells. Our evidence for xIGF-1R in ovarian follicle cells is more in line with the pattern of IGF-1 receptor gene expression in ovarian granulosa cells that surround developing egg cells in the ovaries of rats [28] , mice [29] , and monkeys and humans [30] . The doublet of b-subunit bands in samples of oocyte plasma membrane (cortex after removal of follicle cells) and the singlet receptor b-subunit band that was detected in follicle cells (Fig.  2) suggest possible selective expression of IGF-1 receptor bsubunits between oocytes and follicle cells. Different bsubunits may be associated with the IGF-1 receptors in oocyte and follicle cells, or the antibody may detect b-subunits associated with different receptors. Both insulin receptors and IGF-1 receptors may exist in Xenopus ovary, and the antixIGF-1R polyclonal antibody might cross-react with insulin receptor. BLAST analysis shows that the synthetic peptide that was used to generate the polyclonal anti-xIGF-1R shares 71% amino acid sequence identity with the C-terminal region of Xenopus insulin receptor (accession no. NP_001081702.1; data not shown). Presently, there is no experimental evidence to refute possible cross-reaction of anti-xIGF-1R with insulin receptor, but the ability of low-nanomolar IGF-1 to stimulate receptor phosphorylation and the correlation of this biochemical event with the oocyte maturation response at low nanomolar concentrations of IGF-1 support the conclusion that Xenopus ovarian follicle cells display hormone-responsive IGF-1 receptors. Additional experiments are required to better characterize and compare receptor subunit identities in oocytes and follicle cells and to investigate their signaling functions.
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The tight correlation between the dose-response for IGF-1 stimulation of receptor tyrosine phosphorylation and hormonestimulated oocyte maturation (Fig. 3 ) also recapitulates the work of Zhu et al. [20] that showed a correlation between activation of xIGF-1R in oocyte extracts with hormoneinduced oocyte maturation, and it is consistent with previous binding analyses to oocytes and partially purified receptor [3, 6, 7] . Dose-response curves that display maximal stimulation of receptor phosphorylation and cell division response over a two-log unit increase in hormone concentrations in the lownanomolar range are consistent with first-order hormonereceptor interactions.
The IGF-1 receptor is responsible for mediating the effects of high-dose insulin to stimulate the oocyte maturation response [7] . Almost 30 yr ago, the importance of follicle cells in the insulin/IGF-1 response was implicated, but the use of enzyme solutions to remove the follicle cells confounded data interpretation because proteolytic enzyme treatment may have damaged surface receptors. Maller and Koontz [3] reported that pronase treatment reduced total insulin binding to oocytes by two thirds. Wallace and Misulovin [31] reported that removal of follicle cells with pronase reduced insulinstimulated maturation. When their published data are averaged, the combined oocyte response to Zn 2þ insulin across three treatment groups was 62% 6 14%, and removal of follicle cells by treatment of dissected oocytes with pronase reduced the response to 14% 6 8%. In other words, removal of follicle cells reduced the responsiveness of oocytes by 75%. It is interesting that this is the same proportional loss of oocyte responsiveness to IGF-1 that was observed after removal of follicle cells by chelation treatment and sandpaper rolling (Fig.  5) .
The functional link between follicle cells and amphibian oocyte has not been determined. IGF-1 has been shown to stimulate steroidogenesis by granulosa cells of different mammalian species cultured in vitro [32] . In contrast, the response of Xenopus oocytes to IGF-1 is apparently not due to increased production of steroid hormone. El-Etr et al. [33] reported that cyanoketone (an inhibitor of steroid synthesis) did not inhibit insulin-induced Xenopus oocyte maturation. Similarly, aminoglutethimide (another inhibitor of steroid synthesis) does not inhibit IGF-1-stimulated oocyte maturation (Sadler, unpublished data) . Removal of follicle cells limits the IGF-1-stimulated oocyte maturation response (Fig. 5) , and tight association between follicle cells and the oocyte surface may be required for the optimal oocyte response to IGF-1. Addition of follicle cells back to stripped oocytes by dropwise addition has not been observed to support recovery of the maturation response (Sadler, unpublished data) . Follicle cells are electrically coupled to the oocyte [34] , and cyclic nucleotideactivated K þ currents that arise in follicle cells are spread to the oocyte through gap junctions. And comparison of biochemical and electrophysiological data suggests adenylyl cyclase-linked receptors in dissected Xenopus oocytes may be located exclusively on the follicle cells [35] .
Although it is generally accepted that steroid hormoneseither progesterone or androgens produced by ovarian follicle cells in response to pituitary gonadotropins-trigger oocyte maturation in preparation for ovulation [36, 37] , it is not known how IGF-1-stimulated responses in the oocyte and follicle cells work with steroid-stimulated signals to support meiotic cell division. The ability of IGF-1 (and high-dose insulin) to stimulate in vitro oocyte maturation suggests that these hormones activate physiologically relevant meiogenic signals. Although the IGF-1 signal transduction pathway involves activation of PI3K and Akt/PKB with downstream activation of phosphodiesterase (PDE), and the steroid signaling pathway may be mediated by G-protein-coupled receptor-linked changes in adenylyl cyclase, the necessary critical outcome for resumption of meiosis in amphibians and mammals alike is a resultant decrease in oocyte cAMP [38] . Several experimental findings suggest that the progesterone and IGF-1 signaling pathways may be integrated in unexpected ways. Xenopus oocyte adenylyl cyclase is inhibited by both progesterone [22, 39] and IGF [4] , and IGF-1 stimulates PDE activity in dissected oocytes (with associated follicle cells) [4, 9] . IGF-1 stimulation of oocyte PDE type 3 is ras dependent [9] and has been shown to be mediated by Akt/PKB downstream of PI3K, yet this pathway plays only an ancillary role in progesterone signaling [40] . The steroid and peptide signaling pathways may work together additively or synergistically to trigger cell division (see Andersen et al. [40] for a schematic analysis of possible signaling pathway convergence). Clearly, additional experimentation is required to decipher what intraovarian autocrine and paracrine signals and cell-cell communication between ovarian follicle cells and oocyte are at work to support amphibian oocyte maturation.
